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ABSTRACT 
Steady declines in pollinators worldwide have led to strong interest in monitoring 
their populations and developing plans to protect and enhance critical habitat areas to support 
their stabilization and recovery. For butterfly populations, long-term data suggest a 35% 
decline on a global scale over the past 40 years. Identifying appropriate butterfly monitoring 
strategies is key to understanding the current population status of different species and their 
presence in potential habitat types. Although a limited number of butterfly monitoring 
protocols exist, most have been developed to survey relatively large natural areas and 
reserves, and may not be applicable to other habitat types (smaller areas) or locations (such 
as urban settings). Further, given phenological shifts in life-cycles of both plants and animals 
in response to climate change, there are new questions about the timing of monitoring 
activities to better coincide with species’ presence. In the first part of this study, I examined 
butterfly use of two habitat types within urban settings (public gardens and 
restored/reconstructed prairies) and compared effectiveness of three survey methods (Pollard 
transects, purposive point counts, and random point counts) in each. I determined that 
although there were no significant differences in the number of butterfly sightings between 
habitat types (1,076 in public gardens, 1,151 in prairie areas), purposive point counts 
consistently resulted in more sightings overall (798) and in each habitat type than did Pollard 
transects (297)or random point counts (266; p < 0.0001). Occupancy modeling also indicated 
that purposive point counts enhanced detection of certain species of butterflies, most notably 
those of the Pieridae and Papilionidae. For the second part of this study, I used a 
geographically and temporally extensive butterfly survey database collected by the Ohio 
Lepidopterists to determine whether climatic parameters could be used to predict phenology 
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of three species of butterflies (great spangled fritillary, clouded sulphur, and little wood 
satyr). I used two methods, single-variable and combined models, to determine if 
accumulated growing degree days (GDD) and/or shortwave radiation flux densities (SRAD) 
could enhance predictions compared to ordinal date based on the historical record of first 
sightings. For the single-variable analyses, GDD best predicted butterfly sightings at a 
greater number of sites, with lower error rates compared against ordinal date or SRAD. 
Models that combined GDD and SRAD increased the misclassification rate (the proportion 
of predictions that did not align with actual observations) for the great spangled fritillary and 
the GDD model for the little wood satyr, but decreased it for the clouded sulphur and the 
SRAD model for the little wood satyr. From a practical standpoint, however, the difference 
in predicted dates for first sightings of all three species was within one day for all three 
models, indicating that the additional effort required to develop climate-based models may 
not lead to commensurate improvements in predictive ability. Taken together, these studies 
suggest that changing landscapes and climate-driven phenological shifts translate into a need 
to refocus surveying efforts to include methods that accommodate urban habitats and timing 
of surveys to reflect potential life-cycle shifts. This is especially true in the Midwest where 
extensive agricultural land use and intensive agricultural practices threaten butterfly 
population abundance and species richness. 
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CHAPTER 1: GENERAL INTRODUCTION 
Sharp declines in pollinator abundance and diversity have been reported in recent 
years (Ghazoul 2005; Wratten et al. 2012). Concerns generated by these declines, especially 
among species that pollinate important crops, have resulted in national-level executive orders 
to increase and improve habitat for these organisms (Tracy 2015). Subsequently, actions to 
protect pollinators and provide educational programs that increase participation in habitat 
protection and restoration have been proposed and undertaken (Erickson 2016; Moore 2016). 
While many of these actions are focused on honey bee (Apis mellifera) populations, other 
pollinator taxa have also suffered serious declines, including wild bees (Biesmeijer et al. 
2006; Potts et al. 2010), wasps (Biesmeijer et al. 2006; Vogel 2017), moths (Conrad et al. 
2006; Fox 2013) and butterflies (Van Dyck et al. 2009; Habel et al. 2016).  
For the Lepidoptera, a group for which good data are generally available, analyses 
point toward a 35% decline in populations on a global basis over the past 40 years (Dirzo et 
al. 2014). Habitat loss due to intensive agricultural practices and urban expansion, as well as 
pesticide exposure, are believed to be among the most important causes of declines in 
butterfly populations and diversity (Maes and Van Dyck. 2001; Van Dyck et al. 2009). The 
potential impacts of agriculture are likely to be particularly important in the Midwest region 
of the United States where approximately 37 % of the land is used for intensive agricultural 
row-crop production, and only 2.4 % is identified as more natural grassland habitat (Fry et al. 
2011; Loveland et al. 2012).  
In this landscape context, some efforts to create and protect additional butterfly 
habitat have taken place in urban settings, although it is not known how effective pollinator 
conservation efforts have been in these ecosystems. This has led to an increased interest in 
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documenting and assessing butterfly use of urban habitats (e.g., Giuliano et al. 2004; Di 
Mauro et al. 2007; Matteson and Langellotto 2010). Although it is generally assumed that 
native invertebrate diversity decreases with urbanization (e.g., McKinney 2008; Matteson 
and Langellotto 2010), some small urban habitat areas harbor extraordinarily high plant 
species richness (Deutschewitz et al. 2003; Melliger et al. 2017) that sometimes exceeds that 
of their rural surroundings (Kühn et al. 2004; Wania et al. 2006). These areas in particular 
may provide refugia and increase localized butterfly species richness (Bolund and 
Hunhammar 1999; Kadlec et al. 2008). Specifically designed urban gardens and small 
embedded natural areas within urban landscapes may thus offer habitat suitable for butterflies 
(at a minimum for movement across larger landscapes), and there is strong interest in 
continuing to provide appropriate resources to support potential urban refugia (Grimm et al. 
2000). 
Programs to engage the public in pollinator conservation efforts have also increased 
interest in monitoring, documenting, and assessing pollinator use of urban habitats (Link and 
Sauer 1998; Schmeller et al. 2009). This is because little is known about the effectiveness of 
such programs to increase habitat for pollinators in urban settings. For example, although 
butterflies may be attracted to such areas, it is also possible that development of urban 
gardens to support butterfly populations could have unintended consequences (e.g., 
inadequate food sources for larval development, or development of habitat islands based on 
distribution of other urban infrastructure) that result in the creation of population sinks (Ries 
et al. 2001). Although urban areas may provide the necessary resources for generalist 
butterfly species, previous studies indicate that habitat-sensitive species (e.g., common wood 
nymph, regal fritillary) are affected by very specific aspects of habitat quality (Shepherd and 
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Debinski 2005). The abundance of non-native plant species typical in urban gardens may 
negatively impact butterfly nectaring and/or oviposition behavior, potentially leading to 
species reliance on less suitable, non-native host plants (Shapiro 2002). 
In order to effectively monitor butterfly use of urban areas, careful consideration 
should be given to survey methods. Those that have typically been used for butterfly 
monitoring in relatively large-scale natural areas include variations of line transect and point-
count surveys. Originally designed as a way to standardize butterfly counts, Pollard transects 
have been a widely used line-transect method (Pollard 1977; Pollard and Yates 1994; Brown 
and Boyce 1998). This method involves walking a fixed path at a constant rate at regular 
intervals (e.g., weekly) during the survey season and counting butterflies within a defined 
area relative to the path of the observer. Although use of standard Pollard transects could 
allow for comparison of survey data across projects, the method has often been modified in 
various ways based on habitat characteristics (Yahner 2001; Collinge et al. 2003; Clark et al. 
2007). In fact, standard Pollard transects may not be suitable in many urban settings because 
areas of floral resources are smaller and more dispersed than they typically are in larger 
natural areas.  
Although past surveying efforts have made it somewhat easier to assess where 
butterflies may be located, it can also be difficult to predict when certain butterfly species 
will emerge in specific habitats. Changes in both large-scale and localized climate patterns 
create challenges for studying pollinator populations and behaviors in these settings (Gilman 
et al. 2010). Shifting phenological patterns for both plants and pollinators may be related to 
climate change and make it difficult to predict the timing of species emergence when using 
historic dates as a predictor (Parmesan 2006, Cayton et al. 2015). Combined, these 
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phenomena create problems for those interested in documenting the presence of particular 
species as a part of conservation efforts, for agencies tasked with generating such information 
(e.g., State Departments of Natural Resources), as well as by limiting the ability of citizen 
scientists to contribute to those efforts.  
Thus, there is a need to develop appropriate protocols for butterfly monitoring in the 
relatively small habitat areas characteristic of urban settings, and a need to evaluate the 
suitability of different approaches for providing habitat (e.g., manicured garden spaces versus 
“natural” areas, such as restored/reconstructed prairie). In addition, there is a need to identify 
reliable metrics that can be used to predict first emergence of different butterfly species in 
order to establish appropriate timeframes for survey and monitoring activities. 
Research Questions 
Quantifying habitat use and choosing appropriate protocols for butterfly surveys in urban 
areas 
 Butterfly use of urban habitats in central Iowa has not been previously studied. 
Because there is strong interest in providing additional butterfly habitat in this region (e.g., 
the Blank Park Zoo’s Plant. Grow. Fly. program), understanding if and how butterflies are 
using potential urban habitat types is crucial for guiding the design of additional habitat 
areas. Further, standard methods of monitoring butterfly populations in larger, rural natural 
areas may not be suitable for surveying the smaller habitat fragments generally associated 
with urban areas. Therefore, for my first study, my objectives were to determine the level of 
butterfly use of different urban habitat types and the effectiveness of different survey 
protocols for detecting them. Specifically, I investigated the following questions: 
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1. How many and what species of butterflies are present in urban areas within the 
predominantly agricultural landscape matrix of central Iowa? Are there 
differences in the number and species of butterflies visiting public gardens and 
restored prairie areas in these urban settings? 
2. Does survey method influence the ability to detect butterflies in these areas?  
Predicting butterfly species’ emergence dates 
 Climatic factors, such as temperature and photoperiod, are known to have strong 
influences on butterfly development and activity (Leimar 1996). One measure of climate 
used for decades to predict insect life-cycle changes is growing degree days (GDD; Parmesan 
2006, Cayton et al. 2015). However, factors besides heat (such as light availability and 
precipitation) are also important for butterfly development (Dobkin et al. 1987; Xiao et al. 
2006). A recent study by Cayton et al. (2015) has shown that GDD can be a better predictor 
of butterfly emergence than is the average ordinal date based on historical data. To further 
investigate metrics that could provide more accurate predictions of first emergence, my 
second study addressed the following questions: 
1. How well do models based on ordinal date, GDD accumulation, and radiation 
accumulation predict first emergence of butterflies?  
2. Are models that use combined metrics better than single-variable models? 
Thesis Organization 
These research questions are explored in four chapters: Chapter 1 is a general 
introduction; Chapter 2 is a manuscript entitled “Characterizing Urban Butterfly Populations: 
The Case for Purposive Point-count Surveys”; Chapter 3 is a manuscript entitled “Can 
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Climatic Variables Improve Phenological Predictions for Butterfly Species?”; and Chapter 4 
is a general conclusion. 
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CHAPTER 2: CHARACTERIZING URBAN BUTTERFLY POPULATIONS: THE 
CASE FOR PURPOSIVE POINT-COUNT SURVEYS  
A paper to be submitted to Urban Ecosystems 
Bret J. Lang, Philip M. Dixon, Robert W. Klaver, Janette R. Thompson, and Mark P. 
Widrlechner 
 
Abstract 
 
Developing effective butterfly monitoring strategies is key to understanding how 
butterflies interact with urban environments, and, in turn, developing local conservation 
practices. We investigated two urban habitat types (public gardens and restored/reconstructed 
prairie areas) and three survey methods (Pollard transects, purposive point counts, and 
random point counts) to determine which method was most productive for detecting 
butterflies and assessing family diversity. We conducted butterfly surveys from May through 
September in 2015 and 2016 at six sites (three public gardens and three prairie areas) in 
Ames, Ankeny and Des Moines, Iowa. All survey methods were used on each of eleven 
sample dates at each site. Although there were no significant differences in total number of 
butterfly sightings in the two habitat types, more total butterfly sightings and species were 
documented using purposive point counts than Pollard walks or random point counts, both 
overall and within each habitat type. Occupancy modeling also indicated that purposive point 
counts enhanced our ability to detect certain species of butterflies, most notably species 
within the families Pieridae and Papilionidae. 
Keywords:  Urban butterfly habitat; public gardens; restored urban prairies; butterfly survey 
methods; Pollard transects; occupancy modeling for butterflies 
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Introduction 
 
Steady declines in pollinator populations have recently generated much concern. For 
Lepidoptera (a group for which data are generally available), surveys indicate a global 
decline in abundance of 35% over the past 40 years (Dirzo et al. 2014). In the Midwest 
United States, data also point toward general declines in pollinators and, specifically, in 
butterfly populations (Cameron et al. 2011; Swengel et al. 2011). The predominantly 
agricultural landscape matrix of the Midwest contains fewer remnants of natural vegetation 
communities (prairies, wetlands, or forests; Gallant et al. 2011) than most ecoregions, with 
correspondingly lower native host-plant populations and limited habitat for native wildlife 
species, including butterflies (Debinski and Kelly 1998; Hartzler and Buhler 2000).   
Intensive agricultural practices and urban expansion have both been suggested to be 
among the primary causes of declines in butterfly abundance and diversity (Maes and Van 
Dyck 2001; Van Dyck et al. 2009). Some reports indicate that native invertebrate diversity 
generally decreases with increased urbanization (e.g., McKinney 2008; Matteson and 
Langellotto 2010). However, depending on habitat suitability in the surrounding matrix, 
some urban habitats may provide refugia and increase local butterfly abundance and/or 
species richness (Bolund and Hunhammar 1999; Kadlec et al. 2008). This has led to 
increased interest in creating suitable habitats for butterflies in urban areas, and programs at 
continental, national and local scales to support creation of butterfly habitat (e.g., the North 
American Butterfly Association’s Butterfly Garden and Habitat Program, and the National 
Pollinator Garden Network’s Million Pollinator Garden ChallengeTM). These initiatives focus 
on educating individual landowners about butterfly species and providing resources to guide 
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planting and management of gardens for pollinator use (e.g., http://nababutterfly.com/; 
http://millionpollinatorgardens.org/).  
The potential for urban areas to provide habitat for butterflies has also led to 
increased interest in documenting and assessing butterfly use of these areas (e.g., Guiliano et 
al. 2004; Di Mauro et al. 2007; Matteson and Langellotto 2010; Matteson et al. 2013; 
Concepción et al. 2016). These studies have focused on two subjects important to urban 
butterfly conservation: 1) effects of urban habitats (community gardens, public gardens, or 
urban natural areas) on butterfly populations and species richness (Giuliano et al. 2004), and 
2) effects of the urban matrix (pavement, buildings, cars, and people) on butterfly movement 
among appropriate habitat patches (Matteson and Langellotto 2010). Effectively conducting 
such assessments is key to understanding how to design and manage urban landscapes for 
butterfly use. 
Although it is possible that urban gardens and small, embedded natural areas within 
urban landscapes offer habitat suitable for butterflies (at a minimum for movement across 
larger landscapes), relatively few studies have directly compared butterfly use of different 
types of potentially valuable urban habitats – e.g., large public garden and native landscaping 
installations. Thus, information about butterfly use of these potential habitats would be useful 
to increase the effectiveness of future efforts to create the most suitable urban-embedded 
habitat areas. Additionally, such analyses should be place-based, to account for factors 
specific to urban areas, such as smaller habitat areas and increased human presence and 
activities (Menninger and Palmer 2006).  
A commonly used survey method to monitor butterflies is the Pollard transect 
(Pollard 1977; Pollard and Yates 1994; Brown and Boyce 1998), originally proposed as a 
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protocol to standardize butterfly observations. This method involves traversing the same 
fixed path at a constant rate at regular intervals (e.g., weekly) during the survey season and 
counting butterflies within a defined area relative to the path of the observer. Although use of 
a standard protocol should allow comparability of data across projects, the method has often 
been modified to be more applicable to the particular habitats under study (Yahner 2001; 
Collinge et al. 2003; Clark et al. 2007). In fact, the standard Pollard transect may not be very 
suitable for use in many urban landscapes where floral resources are generally more limited 
and widely dispersed than typical in natural areas.  
Alternative methods that have been used, less systematically, are variations of point-
count sampling (Van Swaay et al. 2012; Henry et al. 2015). Point counts are conducted by 
documenting all butterflies within a specified (usually circular/spherical) area at a single 
location over a certain time interval. In their study of the Miami blue butterfly, Henry et al. 
(2015) used modified point counts to focus survey efforts on a particular host plant and 
habitat configuration known to be used by the Miami blue. Thus, point counts allow 
surveyors to apply their knowledge and experience to focus monitoring efforts on specific 
areas that butterflies are likely to use.  
In addition to choice of survey method, survey success (detection of butterflies) may 
also be partially dependent on species behavior (Isaac et al. 2011). Species within different 
butterfly families exhibit a variety of different foraging, basking and courting strategies. For 
example, among several species in the Hesperiidae (skippers), male butterflies perch in 
vegetation and dart at passing objects in their search for females (Scott 1973). This is in 
contrast to many species in the Nymphalidae, where males patrol continuously to search for 
females (Bitzer and Shaw 1979; Alcock 1994). These variations in behavior may lead to 
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differences in observations based on the survey method used. For example, during a Pollard 
transect, an observer’s movement may cause perching male skippers to take flight, increasing 
the probability of detection. However, skippers also tend to be small, blend in well with their 
surroundings, and are difficult to detect when perching, so they could be missed in point-
count surveys (Carneiro et al. 2014). In contrast, larger and more colorful butterflies (e.g., the 
Nymphalidae) are more likely to be observed regardless of survey method.  
Previous studies conducted even in relatively large natural areas have shown that data 
collected by using Pollard transects may not accurately reflect either butterfly abundance or 
species richness (Collier et al. 2006; Pellet 2008; Isaac et al. 2011). In particular, researchers 
have found that detection estimates generated from Pollard transects are low if relatively few 
transects are performed at a site (Kéry and Plattner 2007; Isaac et al. 2011). One 
recommendation offered by Kéry and Plattner (2007) was that at least 20 Pollard transects 
would be necessary on a given site in order to correctly determine if a species is or is not 
present at a survey site. 
There have been several recent studies conducted in Iowa that characterized butterfly 
populations in rural parks, preserves and grassland management areas (Vogel et al. 2010; 
Moranz et al. 2012; Delaney et al. 2015), roadsides and crop buffers (Ries et al. 2001; Reeder 
et al. 2005; Shepherd and Debinski 2005), and experimental prairie plantings (Myers et al. 
2012). However, we are not aware of previous studies focused on butterfly populations in the 
urban areas of this region. Because of strong interest in providing additional butterfly habitat 
in cities throughout Iowa (e.g., programs such as Blank Park Zoo’s Plant. Grow. Fly), we 
chose to examine butterfly populations in potential habitats that already exist in three Iowa 
municipalities. Our objectives were to determine the level of butterfly use of different urban 
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habitat types and the effectiveness of three different survey protocols to detect them. 
Specifically, we investigated the following questions: 
1. How many and what species of butterflies are present in urban areas within the 
predominantly agricultural landscape matrix of central Iowa? Are there 
differences in the number and species of butterflies visiting public gardens and 
restored prairie areas in these urban settings? 
2. Does survey method influence our ability to detect butterflies in these areas?  
Methods  
Study area  
 We conducted this study in central Iowa, situated in the heart of the Cornbelt region 
of the U.S.A. (NOAA 2017). This is a landscape dominated by intensive row-crop 
agriculture systems surrounding steadily expanding urban and exurban areas (ISU Extension 
2016). Both intensive landscape alterations and management regimens used in them (e.g., 
widespread use of pesticides) have made this landscape less hospitable for butterflies, 
especially since the early 1990s (Hartzler 2010). Within this overall landscape context, public 
gardens (manicured areas with abundant and concentrated floral resources) and restored 
prairies (reconstructed by using mixtures of regionally native grasses and forbs endemic to 
the region) are being promoted and used to provide potential habitat for pollinators, including 
butterflies. 
Study sites 
We monitored six sites in Ames, Ankeny and Des Moines in central Iowa: three 
public gardens and three restored/reconstructed prairie areas (Figure 1). The three public 
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garden sites include the northern section of Reiman Gardens (a 2.5-ha portion of a 6.6 ha 
public garden located in Ames); the Greater Des Moines Botanical Garden (a 1.1 ha public 
garden in Des Moines); and the Clare and Miles Mills Rose Garden (a 2.3 ha public garden 
also located in Des Moines). The urban prairie sites include the Pohl Prairie Preserve at 
Ames High School (a 2.2-ha portion of a 6.1 ha restored remnant prairie located in Ames); 
Ada Hayden Heritage Park (a 2.4-ha area of reconstructed prairie in a 157.1 ha park located 
in Ames); and the grounds of the Iowa Association of Municipal Utilities (a 1.9 ha 
reconstructed prairie in Ankeny).  
Public gardens are designed to showcase a variety of ornamental plants, often 
emphasizing cultivars of both native and non-native flowering plants. The public gardens 
included in this study were characterized by areas of densely planted annual and perennial 
flowering plants, such as common lilac (Syringa vulgaris), calamint (Calamintha nepeta), 
smooth hydrangea (Hydrangea arborescens), meadow sage (Saliva nemorosa), yarrow 
(Achillea millefolium), and Culver’s root (Veronicastrum virginicum), as well as several 
cultivars of rose (Rosa spp.), peony (Paeonia spp.), petunia (Petunia spp.), cock’s comb 
(Celosia spp.) and begonia (Begonia spp.), separated by areas of manicured lawn space. All 
three public garden sites included in this study are designed and managed to encourage 
human visitation, and are often used for large public events. 
Prairie restorations/reconstructions are frequently established along roadsides and in 
parks as a relatively low maintenance land cover that contains species historically widespread 
throughout the landscape (e.g., Houseal and Smith 2000). In urban settings, similar prairie 
reconstructions are used in open areas along the borders of parks or as part of larger 
commercial landscapes. The prairie areas included in this study were located in areas of less 
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intense human activity as compared to the public gardens. These areas included evenly 
distributed native grasses, such as big bluestem (Andropogon gerardii), sideoats grama 
(Bouteloua curtipendula), and Indian grass (Sorghastrum nutans), mixed with native forb 
species, such as bee balm (Monarda fistulosa), false sunflower (Heliopsis helianthoides), 
gray-headed coneflower (Ratibida pinnata), Canada goldenrod (Solidago canadensis), 
compass plant (Silphium laciniatum), and common milkweed (Asclepias syriaca). 
Survey methods 
We surveyed each site six times in 2015 and five times in 2016, between May and 
September using the same level of survey effort at all sites. We used modified Pollard 
transects and two point-count survey methods (purposive and random) to detect and quantify 
butterflies at each site. We described species detected, transect section, and butterfly 
activities at the time of observation (as per IDNR 2006). Surveys were conducted between 
1000 and 1830 on sunny days, with wind speeds < 16 kph and temperatures between 21° and 
35° C (Ries et al. 2001; IDNR 2007). We conducted one 200-m Pollard transect survey, 12 
purposive point counts, and 12 random point counts at each site for each sample date.  
For modified Pollard transects, the senior author established single, straight 5-m-
wide, 200-m-long transects, or two 100-m-long transects (to fit the site) marked with 
regularly spaced flags. The senior author and a second observer walked transects at a speed 
of 10 m per minute and recorded butterflies observed within 2.5 m on either side and 5 m in 
front of the observer (Pollard 1977; Pollard and Yates 1994; Ries, et al. 2001). For all point-
count surveys, the same two observers stood back-to-back at each point, and identified and 
recorded butterflies seen within a semi-spherical area within a 5-m radius during a 5-minute 
period.  
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For purposive point-count surveys, the observers meandered throughout each site to 
identify locations where butterflies were present or that were judged to have high potential 
for butterfly use based on floral resources, marked each location, and conducted a point 
count. For random point-count surveys, the senior author used ArcMap 10 (ESRI 2015, 
2016) at the beginning of each field season to generate a set of points within each site that 
were marked and used for the entirety of that season.  
During each survey, field observers identified butterflies to species (nomenclature 
follows Schlicht et al. 2007) and classified them as habitat generalists or habitat specialists 
(as per Vogel et al. 2010 and citations therein). Observers also identified characteristics of 
vegetation (number of species, species in flower, percent floral area) along each transect and 
at each sample point (Ries et al. 2001; Matteson and Langellotto 2010). A hand-held Android 
device with the “Unified Butterfly Recorder” application was used to collect and organize all 
butterfly survey data (http://www.reimangardens.com/collections/insects/unified-butterfly-
recorder-app/). Butterflies that could not be readily identified in the field were photographed 
for later consultation with experts. Butterflies that remained unidentified after multiple 
consultations or that could not be photographed in the field were recorded as unidentified. 
These data were included in the total numbers of butterfly sightings for survey comparisons 
but not for occupancy model analysis.  
Data and statistical analyses 
We determined the total number of individual sightings and number of species 
observed by survey method and habitat type. We used an analysis of variance (ANOVA; 
SAS, 2017) to compare the number of habitat specialist species in each habitat type. We then 
standardized the number of sightings to allow comparisons of the three survey methods by 
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setting a limit of equivalent survey effort for total time elapsed (19 minutes for each survey 
method at each site) and area surveyed (950 m2). To do this, we included only observations 
that took place in the first 190 meters of each Pollard transect and the first 95 seconds of each 
purposive and random point count. The standardized data were used for comparing the total 
number of observations when using each survey method as well as for each survey method 
within each habitat type. The standardized data were also used for occupancy modeling (as 
described below). 
We applied a general linear mixed-model (PROC GLIMMIX) to assess mean number 
of butterfly observations for habitat types and survey methods (SAS Version 9.4, SAS 
Institute Inc., Cary NC, USA), with a Poisson distribution to correct for unevenly distributed 
survey data (Stigler 1982). The overall type III F-test for each fixed effect was assessed using 
pairwise comparisons of least square means based on Tukey’s HSD. We declare significance 
at p < 0.05. Categorical variables included in the model were date, site, survey method, and 
habitat type. Fixed effects in the model included survey date, survey method, habitat type, 
and the interaction of survey method and habitat type. 
Occupancy modeling  
We constructed models in R (R Core Team 2013) with the RMark package (Laake 
2013) to estimate occupancy and detection probabilities for each Lepidopteran family by 
survey method and habitat type. We also used these models to determine importance values 
for survey year and habitat type related to occupancy, and habitat type and survey method 
related to detection. Occupancy models contain two components: an estimate of occupancy 
(Ψ), the probability that a species is occupying a site, and an estimate of detectability (pj), the 
probability that a species will be detected if they do occupy a site (MacKenzie et al. 2002).  
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We first developed occupancy models for individual species, using only the 25 
species observed more than five times. We developed a set of 12 models for each species 
including all combinations of variables (survey method, habitat type, and year). We then 
combined the models for all species within a family group to create composite models for 
each of the five families represented by the species in our dataset. 
Model selection. We tested the family models by using site- and survey-specific 
variables. For occupancy (Ψ), we investigated survey year and habitat type. For detection 
estimates (pj), we investigated habitat type and survey method. The relative quality of each 
family model was measured by using the Akaike information criterion (AIC; Akaike 1974), 
averaging AIC and ∆AIC for each species included in a family model. Average scores for 
∆AIC were re-scaled so that the lowest average was equal to zero allowing us to standardize 
model selection criteria. We chose models based on two criteria: 1) the detection (pj) 
component of the model included survey method and habitat type as variables, and 2) the 
model was within two ∆AIC of the best fitting model (Burnham and Anderson 2002).  
Detection estimates and importance values. The occupancy models we selected provided 
family-level detection assessments for habitat type and survey method. Detection histories 
for each family were collated as a binary variable within each year for habitat type and 
survey method (1 = at least one butterfly in a family was observed, and 0 = no butterfly in 
that family was observed). Survey year was also recorded and used to determine importance 
values for occupancy. Detection probabilities were calculated by estimating occupancy rates 
with detection probabilities < 1.0, as described by MacKenzie et al. (2002). We calculated 
95% confidence intervals with R (R Core Team 2013) to determine differences among 
detection estimates for habitat types and survey methods. To assess the relative importance of 
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different model variables, we summed the Akaike weights (wi) for each model in which the 
variable of interest occurred (Wagenmakers and Farrell 2004). 
Results 
Survey observations 
We conducted 198 surveys (66 using each method) during the two years of 
observations. We detected 2,227 butterflies representing 40 known species (some skippers 
were identified only to family) and five families (Table 1 and Appendix A). Of these, 332 
butterflies representing 24 species were observed with Pollard transects; 1,316 butterflies 
representing 40 species resulted from purposive point counts; and 579 butterflies 
representing 30 species resulted from random point counts. Habitat-specialist species (Vogel 
et al. 2010) accounted for 114 (5.1 %) of sightings (Table 2).  
Comparison of Habitat Types  
We observed a total of 1,076 butterflies in public gardens and 1,151 in restored 
prairies (Table 1). No significant difference in the total number of butterflies was detected 
between the two habitat types. Several species were observed only in public gardens: 
checkered white (Pontia protodice), cloudless sulphur (Phoebis sennae), common checkered-
skipper (Pyrgus communis), coral hairstreak (Satyrium titus), crossline skipper (Polites 
origenes), Dion skipper (Euphyes dion), hackberry emperor (Asterocampa celtis), Leonard’s 
skipper (Hesperia leonardus leonardus), red-spotted purple (Limenitis arthemis arthemis), 
regal fritillary (Speyeria idalia), and wild indigo duskywing (Erynnis baptisiae). Those 
observed only in prairie areas included bronze copper (Lycaena hyllus), giant swallowtail 
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(Papilio crephontes), little wood satyr (Megisto cymela), and silvery checkerspot (Chlosyne 
nycteis) (Appendix A). 
There was no significant difference in the number of observations of habitat-specialist 
species between the two habitat types (p = 0.36). Although we documented only half as many 
sightings of habitat specialists in public gardens (39) compared to prairie areas (75), we did 
note a larger number of habitat-specialist taxa in public gardens (9) than in prairie areas (6) 
(Table 2). Bronze copper, great spangled fritillary and viceroy were among species detected 
more frequently in prairie areas. However, habitat-specialist species in the family 
Hesperiidae (crossline skipper, Delaware skipper, Dion skipper, silver-spotted skipper) were 
observed nearly twice as often in gardens (25 sightings) than in prairie areas (13 sightings). 
Comparison of Survey Methods 
The standardized dataset (equivalent survey time and area) included 1,361 butterflies 
representing 38 known species and five families. Of these, 297 butterflies were observed by 
using Pollard transects, 798 by using purposive point surveys, and 266 by using random point 
surveys. Overall, purposive point surveys generated a greater number of sightings than did 
Pollard transects or random point surveys (p < 0.0001; Table 3). There was no significant 
difference in the number of sightings between Pollard transects and random point surveys (p 
= 0.77). 
The standardized dataset included 702 sightings in gardens and 659 in prairies. While 
using Pollard transects, we observed 109 butterflies in public gardens and 188 in prairie 
areas. Purposive point-count surveys included 456 sightings in gardens and 342 in prairies, 
and random point counts included 137 sightings in gardens and 129 in prairie areas. Within 
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habitat types, purposive point surveys also generated more sightings than did either Pollard 
transects or random point surveys in both gardens and prairie areas (p < 0.0001; Table 4). 
However, there were no significant differences in the number of sightings in either gardens 
or prairies when Pollard transects were compared to random point surveys (p = 1.00 and 
0.36, respectively; Table 4).   
Occupancy Modeling 
 Model selection. At least one model that was generated met our selection criteria for 
four families: Lycaenidae, Nymphalidae, Papilionidae, and Pieridae (Table 5). We did not 
generate any models that met our criteria for the Hesperiidae (none was within two ∆AIC of 
its best fitting model). For each of the remaining four families, there was one model that met 
both model selection criteria: p (~Survey + Environ)Ψ(~1). This was the best model for the 
Lycaenidae, Papilionidae, and Pieridae, and was 1.63 ∆AIC from the best model for the 
Nymphalidae. 
 Detection estimates and importance values. We were able to produce detection 
estimates for the Lycaenidae, Nymphalidae, Papilionidae, and Pieridae (Table 6). Detection 
estimates indicated that there was a significant difference between purposive point counts 
and random point counts in both garden and prairie areas for the Pieridae. There were no 
significant differences in detection estimates between any of the other survey method and 
habitat type combinations, although the number of sightings generated by using purposive 
point counts was consistently higher than those for the other methods (Table 6). Detection 
estimates were particularly high for the Pieridae based on purposive point surveys (0.88 in 
both gardens and prairies) and low for the Papilionidae based on Pollard transects (0.07 in 
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gardens and 0.03 in prairies).  Detection estimates were also significantly lower for the 
Papilionidae than for the other three families across all survey types in both habitats. 
To predict occupancy for species in the Hesperiidae, Nymphalidae, Papilionidae, and 
Pieridae, habitat type importance values were relatively low (Table 7). However, habitat type 
was important for the Lycaenidae. Survey year influenced only one family, the Hesperiidae 
(most likely due to less experience identifying species within this family during the first 
year). For detection, importance values indicated that habitat type was generally more 
important than was survey method for all families except the Papilionidae. Habitat type was 
especially important for detection of butterflies in the Pieridae (importance value of 1.00). 
Discussion 
The influence of habitat type on site occupancy and population size is crucial for 
conservation management. For population monitoring, different survey methods may affect 
the ability to detect butterflies in particular habitat types. Here, we evaluated the number of 
butterflies observed, as well as the number of species present, in public gardens and restored 
prairies in urban areas. We used three survey methods to determine the number of butterflies 
and the number of species present on the different site types and to assess whether there were 
differences in detection ability. Based on data standardized for equivalent survey effort, there 
were no significant differences in the number of butterfly sightings between habitat types, 
although we did detect more butterflies in both habitats when using purposive point counts as 
compared to modified Pollard transects or random point counts.  
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Survey observations 
The total number of butterflies we observed (2,227) in our urban surveys was similar 
to previous butterfly surveys conducted in rural Iowa: for example, Myers et al. (2012) 
observed 2,110 butterflies, Vogel et al. (2010) observed 2,779 butterflies, and Shepherd and 
Debinski (2005) observed 1,314 butterflies. Although we observed comparable numbers of 
butterflies in both types of urban habitats, the number of butterflies was low when corrected 
for equivalent survey effort (e.g., number of butterflies encountered per minute of surveying 
or per m of transect distance) in relation to several previous surveys conducted in rural areas 
of Iowa. For example, we detected an average of 0.36 butterflies per minute in urban 
habitats, as compared to 0.83 per minute observed in rural roadside prairies (Ries et al. 
2001), 0.88 per minute in recently established experimental prairie plantings (Myers et al. 
2012), or 1.75 per minute in preserved prairie remnants (Vogel et al. 2010). This is consistent 
with other studies in which investigators directly compared butterfly populations along 
transects extending from rural to urban areas and found fewer in urban settings (e.g., Blair 
1999; Di Mauro et al. 2007). However, it is also the case that general declines in butterfly 
populations have been observed both globally (Dirzo et al. 2014) and in the Midwest 
(Cameron et al. 2011; Swengel et al. 2011) since at least the early 1990s, which may affect 
the comparability of our surveys with the earliest of those identified above.  
The number of butterfly taxa we observed (40) was somewhat greater than previous 
surveys in rural areas (e.g., 25 species observed by Ries et al. 2001, 37 species recorded by 
Shepherd and Debinski 2005; and 31 species noted in Myers et al. 2012). This is contrary to 
findings of other researchers who concluded that urban areas were characterized by lower 
species richness (e.g., Hardy and Dennis 1999; Yahner 2001; Stefanescu et al. 2004; Posa 
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and Sodhi 2006; Clark et al. 2007). There were 10 habitat-specialist species among the taxa 
we observed, but they accounted for a relatively small proportion of all observations (5%) 
when compared to earlier surveys (e.g., 32% for Ries et al. 2001 and 50% for Vogel et al. 
2010). Although urban areas do offer resources that can support some habitat specialists, the 
combination of habitat fragmentation and low species mobility can restrict their movement 
into urban habitats (Warren et al. 2001).  
Comparison of Habitat Types 
We observed the highest numbers of both individual butterflies and different species 
in public gardens, but differences between habitat types were not significant. This contradicts 
previous studies in which researchers observed fewer butterflies and lower species diversity 
in areas with increased levels of human disturbance (Di Mauro et al. 2007; Öckinger et al. 
2009). However, other studies have shown that, rather than proximity to urban development, 
the characteristics of the habitat itself, including vegetation structure, as well as habitat 
quality and diversity have greater influence on butterfly species richness (Collinge et al. 
2003; Botham et al. 2015) and abundance (Collinge et al. 2003).  
Comparison of Survey Methods 
Both our analyses of variance and detection estimates indicated that survey method 
strongly influenced the number of butterflies we observed. We observed relatively few 
butterflies by using Pollard transects. The fixed location of these transects may undercount 
localized, sedentary or elusive species (Royer et al. 1998; Shuey and Szymanski 2012). 
Because of this, Pollard transects are often modified according to habitat characteristics or 
research purpose, sometimes to the extent that they more closely resemble meandering or 
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visual-encounter surveys (e.g., Collinge et al. 2003; Vogel et al. 2010). Although Pollard 
transects can be placed specifically to pass through optimal habitats, especially in public 
gardens, there are also likely to be less suitable areas (such as areas of mown lawn) along the 
distance covered by transects, which may decrease the frequency of butterfly sightings. In 
prairie habitats, where the amount and location of floral resources change over time, the fixed 
location of Pollard transects may also decrease the overall number of sightings across a 
season compared to methods which allow surveyors to meander within a habitat. 
Our purposive point-count surveys accounted for two-thirds of all sightings. This 
method focused observations in areas providing abundant resources, primarily tied to floral 
cover. Purposive point counts in gardens allowed survey effort to be concentrated in areas 
where butterflies were more likely to be present, increasing the probability of sightings. 
Further, purposive point surveys conducted in prairie areas can facilitate observations that 
follow natural changes in the location and density of floral resources over time. Thus, survey 
effort can focus more efficiently on areas where sightings are more likely. Especially for 
collection of species-specific data, surveyors may choose to conduct purposive point surveys 
to facilitate examination of particular habitat types (e.g., Royer et al. 1998; Henry et al. 
2015).  
Our random point count results were similar to those with Pollard transects. Random 
point counts can be used in butterfly surveying to allow for unbiased estimation of butterfly 
density within a habitat, especially to develop comparisons over time (Henry et al. 2015). 
Although this makes random point counts desirable for surveying purposes, they are less 
useful for detecting species with specific habitat needs (e.g., thick brush, or limited number 
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of host plants) if none of the random points is located within the needed habitat (Henry et al. 
2015). 
Occupancy models 
 Model selection. The occupancy model we selected did not include survey year or 
habitat type. We did not expect survey year to be a significant factor, because our surveys 
were conducted during the same time interval each year and only under a narrow range of 
specified weather conditions. Further, the likelihood of habitat type affecting butterfly family 
occupancy at these sites was low, since nearly 95% of the butterflies we detected were 
habitat generalists. For detection, however, habitat type was important, and detection 
estimates were higher in gardens. This may be related to greater ability to observe butterflies 
when they are present, due to the more clustered and relatively unobstructed nature of floral 
resources in those settings resulting from intentional garden design. 
Detection estimates and importance values. Detection estimates were relatively high 
for purposive-point counts. For example, detection estimates for the Papilionidae were 375% 
and 466% greater for purposive-point counts than for Pollard transects in gardens and prairie 
areas, respectively. For other families, we also observed somewhat greater detection 
estimates for purposive-point counts compared to Pollard transects, but the relative 
differences were much smaller (e.g., for the Lycaenidae, detection estimates using purposive-
point surveys were 34% greater in gardens and 53% greater in prairie areas).  
Survey efficiency can vary depending on the array of species occupying a site (Kéry 
and Plattner 2007), and our ability to detect butterflies may have been affected by species-
specific behaviors. Other researchers have reported that Pollard transects may not be 
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effective for detecting butterflies which have secretive behaviors (Shuey and Szymanski 
2012). Compared to Pollard transects, purposive point counts can more easily focus on 
specific habitat requirements (e.g. specific host plants or structural characteristics). The 
higher detection estimates we observed with purposive point counts may also translate to less 
survey effort required to determine species occupancy within a site. For example, whereas 
Kery et al. (2007) suggested that it may take up to 20 Pollard transects to approach detection 
rates close to one, by using purposive point counts, it may be possible to reduce survey time 
and area needed to detect a species. Species-specific characteristics may also affect 
detectability. For example, detection estimates were significantly lower for the Papilionidae 
than for three other families with respect to both habitat type and survey method. It is 
possible that detection estimates are lower for the Papilionidae because they are stronger 
flyers and move across greater distances that exceed the “envelope” of space-constrained 
sampling methods.  
Importance values were relatively high for detection by survey method for species in 
two families, the Papilionidae and Pieridae, and were moderately high for the Lycaenidae. 
Survey method was less important for detection of species in the Hesperiidae. This could be 
because observers’ movements associated with Pollard transects may flush males of the 
Hesperiidae, increasing the relative effectiveness of that method when compared to the other 
two.  
Summary and Conclusions 
Our findings confirm that urban areas, such as public gardens and restored prairies, 
provide important habitat for butterflies, and that a variety of butterfly species, including a 
limited number of habitat specialists, are present in these areas. Purposefully created habitat 
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in urban settings, particularly for urban areas in landscape matrices that otherwise have 
limited resources for butterflies (e.g., intensively managed agricultural landscapes), can 
support a number and variety of individual butterflies and species. It is important to note that 
our study sites were all relatively large (ranging from 1.1 ha to 2.5 ha) in comparison to 
habitats that may be created by individual homeowner participants in outreach programs, 
such as those offered by local and national conservation organizations. Determining the 
effectiveness of those broadly dispersed but relatively small-scale features (e.g., small home 
gardens) could likely be accomplished by using purposive point-count surveys and provide 
additional information useful for municipal-scale conservation efforts.  
We did not detect differences in the number of butterflies in public gardens compared 
to restored/reconstructed prairie areas. Some factors that we did not quantify in our analyses, 
including vegetation structure and diversity, amount of organic matter, or other 
characteristics of specific locations could play a role in habitat selection by butterflies. Based 
on our findings, even though habitat specialists were present in both prairie and garden 
habitats, they accounted for a small percentage of our observations. Special consideration 
should be given to developing high-quality areas for habitat specialists within urban settings, 
such as mass plantings of specific host plants or landscape configurations that provide for 
other habitat structure needs.  
Although Pollard transects have long been a standard method for butterfly surveys, in 
this study, they generated relatively few butterfly observations. All of our analyses indicate 
that purposive point surveys were more effective in both habitat types than were the other 
survey methods we tested. We consistently observed greater numbers of butterflies and 
butterfly species by using purposive point-count surveys, and would recommend 
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standardizing this method for butterfly surveys in relatively small habitat areas. Further, 
based on areas where we observed large numbers of butterflies, we suggest that both garden 
and prairie designs could be enhanced by including more and denser clusters of floral 
resources that would attract and benefit butterfly populations.  
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Table 1. Numbers and proportions of all butterfly sightings by habitat type (public gardens and prairie areas) and survey method 
(Pollard transects, purposive, and random point-count surveys). Butterfly surveys were conducted at six sites in Ames, Ankeny, and 
Des Moines, central Iowa, during summer 2015 and 2016.  
 
 
 
 
 
 
 
a Some skippers were not identified to species 
 
 
 
 
 
 
 
 
 
 
 Public gardens Prairie areas Combined 
Survey method 
Number 
of 
sightings 
Percent 
of garden 
sightings 
Number 
of 
sightings 
Percent of 
prairie 
sightings 
Number of 
all 
sightings 
Pollard transects 125 11.6 207 18.0 332 
Purposive point counts 687 63.8 629 54.6 1316 
Random point counts 264 24.5 315 27.4 579 
Total taxaa observed 38 92.7 33 80.5 40 
All sightings 1076 51.6 1151 48.4 2227 
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Table 2.  All habitat-specialist species observed using three survey methods at six study sites (three public gardens and three restored 
prairie areas) during summer 2015 and 2016. Species were classified as habitat specialists according to Vogel et al. (2010) unless 
otherwise noted. 
  Habitat Type  
Species (common name) 
 
Species (scientific name) 
Public 
gardens 
Prairie 
areas Total 
Bronze copper Lycaena hyllus 0 17 17 
Coral hairstreak Satyrium titus 1 0 1 
Crossline skipper Polites origenes 4 0 4 
Delaware skipper Anatrytone logan 3 5 8 
Dion skippera Euphyes dion 1 0 1 
Great spangled fritillary Great spangled fritillary 10 25 35 
Gray copper Lycaena dione 1 3 4 
Regal fritillary Speyeria idalia 1 0 1 
Silver-spotted skippera Epargyreus clarus 17 8 25 
Viceroy Limenitis archippus 1 17 18 
Total sightings  39 75 114 
a Dion skipper and silver-spotted skipper are included here because they were identified as habitat-sensitive by Ries et al. (2001). 
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Table 3. Comparison of standardized number of butterfly sightings made by using Pollard transects, purposive point counts, and 
random point counts at six sites in Central Iowa during summer 2015 and 2016. Means represent the average number of butterflies 
observed during a single survey at a site. All pairs’ analysis of variance (ANOVA) comparisons were based on Tukey’s honest 
significant difference (HSD) to detect differences among survey methods 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Survey method 1 Mean Survey method 2 Mean 
Mean 
difference 
Standard 
error p-value 
Pollard transect 3.44 Purposive point count 9.10 -5.66 0.111 < 0.0001 
Pollard transect 3.44 Random point count 3.00 0.44 0.12 0.4953 
Purposive point count 9.10 Random point count 3.00 6.10 0.12 < 0.0001 
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Table 4.  Comparison of standardized number of butterfly sightings made by using Pollard transects, purposive-point counts, and 
random-point counts in public garden and restored prairie habitat types. Means represent the average number of butterflies observed in 
each habitat type during a single survey at a site. All pairs’ analysis of variance (ANOVA) comparisons were based on Tukey’s honest 
significant difference (HSD) to detect differences among survey methods within each habitat. 
Habitat type Survey method 1 Mean Survey method 2 Mean 
Mean 
difference 
Standard 
error p-value 
Public gardens Pollard transect 2.12 Purposive point count 7.33 -5.21 0.16 < 0.0001 
Public gardens Pollard transect 2.12 Random point count 2.23 -0.11 0.18 1.00 
Public gardens Purposive point count 7.33 Random point count 2.23 5.10 0.16 < 0.0001 
Prairie areas Pollard transect 5.59 Purposive point count 11.29 -5.70 0.15 < 0.0001 
Prairie areas Pollard transect 5.59 Random point count 4.04 1.55 0.16 0.36 
Prairie areas Purposive point count 11.29 Random point count 4.04 7.25 0.15 < 0.0001 
41 
 
Table 5. Occupancy models, mean Akaike information criterion scores (µAIC), ΔAIC, and 
Akaike weights (wi) generated for butterfly sightings based on standardized data for habitat types 
and survey methods. p indicates detection and Ψ indicates occupancy. “~Survey” refers to survey 
method, “Environ” refers to habitat type, and “~Year” refers to the year in which the survey was 
completed. Models listed are < 3.0 ΔAIC from the best model for all families combined and for 
each family. The model we chose for all families and for each family is indicated in bold 
typeface. 
Model µAIC ΔAIC wi 
All Families       
  p (~Environ)Ψ(~Year) 112.30 0.00 0.26 
  p (~Environ)Ψ(~1) 113.30 1.00 0.16 
  p (~Survey + Environ)Ψ(~Year) 113.82 1.51 0.12 
  p (~Survey + Environ)Ψ(~1) 114.31 2.01 0.09 
  p (~1)Ψ(~Year) 114.35 2.04 0.09 
Hesperiidae       
  p (~1)Ψ(~Year) 64.85 0.00 0.47 
  p (~Environ)Ψ(~Year) 65.94 1.09 0.27 
  p (~Survey)Ψ(~Year) 67.85 3.00 0.11 
Lyceanidae       
  p (~Survey + Environ)Ψ(~1) 108.18 0.00 0.21 
  p (~1)Ψ(~Environ) 108.50 0.32 0.18 
  p (~Environ)Ψ(~1) 108.89 0.71 0.15 
  p (~Survey)Ψ(~Environ) 109.70 1.52 0.10 
  p (~Environ)Ψ(~Environ) 110.39 2.21 0.07 
  p (~Survey + Environ)Ψ(~Year) 110.58 2.40 0.06 
  p (~Environ)Ψ(~Year) 110.64 2.46 0.06 
  p (~Survey + Environ)Ψ(~Environ) 110.78 2.60 0.06 
Nymphalidae       
  p (~Environ)Ψ(~1) 124.00 0.00 0.15 
  p (~Environ)Ψ(~Year) 124.19 0.19 0.14 
  p (~1)Ψ(~Year) 124.29 0.29 0.13 
  p (~1)Ψ(~1) 124.39 0.40 0.12 
  p (~1)Ψ(~Environ) 124.42 0.42 0.12 
  p (~Survey + Environ)Ψ(~1) 125.62 1.63 0.07 
  p (~Survey)Ψ(~1) 125.80 1.80 0.06 
  p (~Survey)Ψ(~Year) 125.89 1.90 0.06 
  p (~Survey + Environ)Ψ(~Year) 126.14 2.14 0.05 
  p (~Survey)Ψ(~Environ) 126.23 2.24 0.05 
  p (~Environ)Ψ(~Environ) 126.41 2.41 0.04 
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Table 5. Continued 
Model µAIC ΔAIC wi 
Papilionidae       
  p (~Survey + Environ)Ψ(~1) 86.32 0.00 0.16 
  p (~Survey)Ψ(~1) 86.52 0.20 0.14 
  p (~Survey)Ψ(~Environ) 87.15 0.83 0.10 
  p (~Survey)Ψ(~Year) 87.34 1.03 0.09 
  p (~Environ)Ψ(~1) 87.42 1.10 0.09 
  p (~Survey + Environ)Ψ(~Year) 87.44 1.12 0.09 
  p (~1)Ψ(~1) 87.92 1.60 0.07 
  p (~Environ)Ψ(~Year) 87.96 1.64 0.07 
  p (~1)Ψ(~Year) 88.25 1.93 0.06 
  p (~1)Ψ(~Environ) 88.34 2.03 0.06 
  p (~Survey + Environ)Ψ(~Environ) 89.16 2.85 0.04 
  p (~Environ)Ψ(~Environ) 89.26 2.94 0.04 
Pieridae       
  p (~Survey + Environ)Ψ(~1) 184.03 0.00 0.34 
  p (~Environ)Ψ(~1) 184.82 0.79 0.23 
  p (~Survey + Environ)Ψ(~Year) 185.83 1.80 0.14 
  p (~Environ)Ψ(~Year) 186.07 2.04 0.12 
  p (~Survey + Environ)Ψ(~Environ) 186.78 2.75 0.09 
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Table 6. Detection estimates and 95% confidence intervals calculated for each family by habitat (public gardens and prairie areas) and 
survey method (Pollard transects, purposive, and random point counts).  
 Public gardens  Prairie areas 
Survey method and 
butterfly family 
Detection 
estimate 
Lower 
confidence 
interval 
Upper 
confidence 
interval 
Survey method and 
butterfly family 
Detection 
estimate 
Lower 
confidence 
interval 
Upper 
confidence 
interval 
Pollard transects   Pollard transects    
   Lycaenidae 0.41 0.28 0.56    Lycaenidae 0.20 0.11 0.32 
   Nymphalidae 0.59 0.45 0.72    Nymphalidae 0.47 0.34 0.61 
   Papilionidae 0.07 0.02 0.19    Papilionidae 0.03 0.01 0.09 
   Pieridae 0.67 0.52 0.79    Pieridae 0.65 0.48 0.79 
Purposive point counts   Purposive point counts   
   Lycaenidae 0.55 0.41 0.69    Lycaenidae 0.30 0.19 0.45 
   Nymphalidae 0.76 0.63 0.86    Nymphalidae 0.66 0.52 0.78 
   Papilionidae 0.31 0.19 0.47    Papilionidae 0.14 0.07 0.28 
   Pieridae 0.88 0.77 0.94    Pieridae 0.88 0.76 0.94 
Random point counts   Random point counts   
   Lycaenidae 0.38 0.21 0.60    Lycaenidae 0.18 0.08 0.36 
   Nymphalidae 0.50 0.36 0.64    Nymphalidae 0.38 0.26 0.52 
   Papilionidae 0.11 0.04 0.24    Papilionidae 0.04 0.01 0.12 
   Pieridae 0.63 0.48 0.76    Pieridae 0.61 0.47 0.74 
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Table 7. Sum of Akaike weights for determining variable importance to estimate occupancy and 
detection for all species combined and by butterfly family. 
 Occupancy  Detection 
Taxa Year Habitat 
type 
 Habitat 
type 
Survey 
method 
All species 0.51 0.16  0.71 0.33 
Hesperiidae 0.90 0.03  0.36 0.18 
Lycaenidae 0.16 0.41  0.62 0.48 
Nymphalidae 0.37 0.23  0.46 0.30 
Papilionidae 0.31 0.23  0.44 0.62 
Pieridae 0.26 0.16  1.00 0.57 
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Figure 1. Six sites (three public gardens and three restored/reconstructed prairies) where 
butterfly surveys were conducted. Sites were located in Ames, Ankeny, and Des Moines, central 
Iowa, U.S.A. 
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Appendix Supplementary Table 
 
Table A1. All butterfly species found using three survey methods in two habitat types during 
summer 2015 and 2016 surveys. 
 
 Public gardens Garden 
total 
Restored prairie Prairie 
total 
Overall 
total Species 2015 2016 2015 2016 
Hesperidae        
   Common checkered skipper 0 1 1 0 0 0 1 
   Crossline skipper 0 4 4 0 0 0 4 
   Delaware skipper 0 3 3 0 5 5 8 
   Dion skipper 0 1 1 0 0 0 1 
   Fiery skipper 0 30 30 0 4 4 34 
   Least skipper 1 10 11 0 10 10 21 
   Leonard's skipper 0 1 1 0 0 0 1 
   Sachem 0 38 38 0 9 9 47 
   Silver-spotted skipper 1 16 17 0 8 8 25 
   Tawny-edged skipper 5 9 14 2 6 8 22 
   Wild indigo duskywing 0 2 2 0 0 0 2 
Lycaenidae        
   Bronze copper 0 0 0 6 11 17 17 
   Coral hairstreak 1 0 1 0 0 0 1 
   Eastern tailed-blue 38 28 66 52 133 185 251 
   Gray copper 1 0 1 2 1 3 4 
   Spring azure 5 4 9 4 6 10 19 
Nymphalidae        
   American snout 5 2 7 0 1 1 8 
   Buckeye 3 4 7 0 18 18 25 
   Great spangled fritillary 8 2 10 11 14 25 35 
   Hackberry emperor 1 4 5 0 0 0 5 
   Little wood-satyr 0 0 0 0 2 2 2 
   Monarch 100 17 117 47 24 71 188 
   Painted lady 5 4 9 1 2 3 12 
   Pearl crescent 3 2 5 35 34 69 74 
   Question mark 1 0 1 2 1 3 4 
   Red admiral 69 18 87 46 32 78 165 
   Red-spotted purple 0 1 1 0 0 0 1 
   Regal fritillary 1 0 1 0 0 0 1 
   Silvery checkerspot 0 0 0 0 1 1 1 
   Viceroy 1 0 1 7 10 17 18 
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Table A1. Continued 
 
  
 
  
  
 Public gardens Garden 
total 
Restored prairie Prairie 
total 
Overall 
total Species 2015 2016 2015 2016 
Papilionidae        
   Black swallowtail 2 0 2 13 2 15 17 
   Eastern tiger swallowtail 3 3 6 8 8 16 22 
   Giant swallowtail 0 0 0 0 2 2 2 
Pieridae        
   Cabbage white 211 295 506 79 71 150 656 
   Checkered white 1 0 1 0 0 0 1 
   Clouded sulphur 38 18 56 126 147 273 329 
   Cloudless sulphur 1 0 1 0 0 0 1 
   Little yellow 1 2 3 4 16 20 23 
   Orange sulphur 14 5 19 24 42 66 85 
   Peck's skipper 1 14 15 1 14 15 30 
Unidentified 15 2 17 35 12 47 64 
Total 536 540 1076 505 646 1151 2227 
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CHAPTER 3: CAN CLIMATIC VARIABLES IMPROVE PHENOLOGICAL 
PREDICTIONS FOR BUTTERFLY SPECIES? 
A paper formatted for submission to the Journal of Insect Conservation 
Bret J. Lang, Mark P. Widrlechner, Philip M. Dixon and Jan R. Thompson 
 
 
Abstract 
Changes in butterfly phenology due to climate change have led to the need for models 
that predict butterfly developmental timeframes, thus increasing the effectiveness of field 
surveys. In this study, we developed two simple climatic models, one using yearly 
accumulated growing degree days (GDD) and the other using yearly accumulated shortwave 
radiation flux densities (SRAD), to determine if these variables can predict first emergence of 
three butterfly species with less error than an approach based on the average ordinal date of 
first emergence at a site. Furthermore, we investigated whether combining our two models 
would increase our ability to predict the timing of first emergence. We determined that GDD 
models were better at predicting first emergence than were ordinal date models and SRAD 
models for all species tested; however, the actual variation among these models was so small 
that any additional effort required to develop GDD models would not justify their use as a 
replacement for the simpler ordinal date models. We also determined that combined models 
did not improve the ability to predict first emergence. 
Keywords: first emergence; growing degree days; shortwave radiation flux densities; climate 
change; survey timeframes; population monitoring 
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Introduction 
Recent declines in pollinator populations have brought attention to the need for better 
understanding of pollinator phenology and the effects of climate on their life cycles. As with 
most poikilotherms, climatic factors, such as temperature and photoperiod, greatly influence 
butterfly development and activity (Leimar 1996; Stoehr and Wojan 2016; Klockmann et al. 
2017). Historic surveying efforts have made it somewhat easier to assess where butterflies 
may be located, and can facilitate monitoring efforts to track population trends. However, the 
dynamics of global climate change create a need to refine predictions of butterfly phenology, 
giving field surveyors more precise timeframes for butterfly emergence (Stefanescu et al. 
2003; Cayton et al. 2015). Recommendations for the timing of monitoring from such studies 
have often spanned as much as two weeks to a month in duration and, therefore, are of 
limited use for the timing of field operations. Further, such predictions may become 
increasingly inaccurate over time due to both long-term climate change trends (Dell et al. 
2005) as well as more localized climatic variation. 
Growing degree day (GDD) models have been used for decades to predict insect life 
cycle stages to facilitate pest control (Apple 1952; Wilson and Barnett 1983), including 
lepidopteran pests (e.g., gypsy moth, codling moth). In addition to predicting the beginning 
of developmental stages in Lepidoptera, Cayton et al. (2015) have reported that GDD models 
can also be used to predict the timing of first emergence and peak abundance of certain 
butterfly species.  
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Calculating growing degree days 
Although various methods of calculating GDD have been used, for example by 
averaging hourly temperature readings (Gilmore and Rogers 1958), conducting three-hour 
readings (Arnold 1959), and even using weekly mean temperatures (Holmes and Robertson 
1959); the most common way to calculate GDD is by subtracting a base temperature 
threshold from the daily average temperature (McMaster and Wilhelm 1997; Miller et al. 
2001). The base temperature threshold is determined by evaluating thermal effects on the 
developmental thresholds for the species being studied and is defined as the lowest 
temperature at which an organism will develop (Arnold 1959). The National Weather Service 
uses a modified GDD equation which includes limits on the maximum and minimum 
temperature being recorded when calculating the average daily temperature (National 
Weather Service Climate Prediction Center 2005). These limits are based on temperature 
thresholds that account for organismal limitations to development at very high and very low 
temperatures.  
Determining organismal temperature thresholds is a critical step in creating predictive 
GDD models. However, determining the exact thresholds for a given species requires much 
time and research effort, and there are few data available for species that lack agro-economic 
impact. Thus, generally accepted thermal thresholds of 10° C and 30° C (50° F and 86° F) 
have been developed for several crop species (Dethier and Vittum 1967; Neild and Seeley 
1977) and insect species (Nufio et al. 2010; Cayton et al. 2015). 
 Another component of the GDD model is determining when to start the accumulation 
of GDD. There are generally two ways in which accumulation start dates are determined: 1) 
biologically, or 2) temporally. Biologically determined start dates (biofix dates) use a 
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biologically significant event to determine when to begin GDD accumulation. In agronomic 
systems, for example, the biofix date for most cultivated crops is at time of planting (Neild 
and Seeley 1977). Once the biofix date is determined, crop managers can begin to track 
accumulated GDD to predict critical stages for their cropping systems. 
 Biofix dates are similarly used for entomological purposes, for example when trying 
to predict annual events, such as first emergence or peak abundance. Biofix dates in this 
setting are dependent on the life stage being predicted. For example, the biofix date used to 
predict codling moth peak larval abundance occurs at the first date for which there is a 
sustained catch of female codling moths in kairomone insect traps or males caught in 
pheromone traps (Smith et al. 2010).  The use of biofix dates can prove to be difficult if there 
is a lack of data available, as is typical for species that have not been studied for the purpose 
of creating effective pest management protocols. Further, even if a biofix date for a species is 
known, it may be difficult to determine when a biologically significant event signaling the 
biofix date has occurred under natural (e.g., not experimentally controlled) conditions.  
 It is not uncommon for insect species to have post-diapause metamorphosis (Corbet 
1956), meaning that they over-winter as an egg or pupa and begin metamorphosis the next 
year, once environmental and climatic requirements have been met. For these species, GDD 
models have been applied by using a calendar date as a substitute for a biofix date (e.g., 
Cayton et al. 2015). Since species-specific temperature thresholds can be set, setting a start 
date well before diapause is known to end results in only those days with unseasonably warm 
weather being counted toward accumulation. 
Although the GDD method accounts for heat accumulation, such information alone is 
not always sufficient for predicting developmental thresholds (Caffrey and Worthley 1927; 
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Apple 1952). It does not account for other factors that can affect butterfly development, such 
as light availability (Xiao et al. 2006) and precipitation (Dobkin et al. 1987). Therefore, it 
may be worthwhile to examine how predictive models based on other cumulative climatic 
data compare to GDD models as indicators of first emergence. Another factor to consider is 
whether model predictions are more often earlier or later than the actual first emergence. This 
is important because late predictions of first emergence could mean that surveyors would not 
detect the actual first emergence. In addition, since butterfly emergence is dependent on 
many factors, it is of interest to determine whether multi-factor models can increase 
prediction accuracy compared to single-variable models. 
The purpose of this study was to develop a set of models based on climatic factors to 
predict first emergence of butterflies and then evaluate their relative performance. We 
address two objectives in this study. First, we compare the ability of a GDD-based model to 
predict first emergence against models based on accumulated shortwave solar radiation 
(SRAD) and on the mean ordinal date at which first emergence occurred historically at the 
observation site for three species of butterflies. We chose a radiation-based factor because 
incident shortwave radiation flux density is a widely collected climatological variable that is 
closely related to available sunlight (Cess et al. 1995), making it a factor in daily temperature 
flux and, potentially, in butterfly development (Xiao et al. 2006). The second objective was 
to determine whether a model that combined GDD and SRAD would improve predictions of 
first emergence for these species when compared to using either factor alone.  
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Methods 
Butterfly data collection 
We used butterfly survey data provided by the Ohio Lepidopterists, a butterfly 
monitoring network, for observations conducted throughout the state of Ohio between 1996 
and 2013 (Jerry Weidmann, personal communication). Survey dates for any given year in the 
Ohio Lepidopterists’ database typically span the period from early April through late 
October. These data were collected at 140 sites by trained volunteers at approximately one-
week intervals. All surveys were conducted by using standard 500 × 5-m Pollard walk 
transects, in which surveyors walked at a rate of 10 m min-1 and recorded all individual 
butterflies detected by species. From this survey database, we extracted records for three 
univoltine species: great spangled fritillary (Speyeria cybele), little wood satyr (Megisto 
cymela), and clouded sulphur (Colias philodice) to develop models to predict emergence 
(Cayton et al. 2015). We chose univoltine species because we expected that their emergence 
at a given site would indicate that the butterfly overwintered locally. 
We identified observations for these three species from the complete dataset that 
could be used to estimate first emergence events based on four criteria developed by Cayton 
et al. (2015): (1) at least five individuals were observed at a given site on that date; (2) there 
was at least one survey record of species absence before the first observation at that site; (3) 
the species was seen on more than one survey date at the site; and (4) there was at least one 
survey conducted at least 14 days prior to the first observation. It should be noted that, given 
the challenges associated with collecting large amounts of survey data within a volunteer 
network, we did not expect to obtain exact emergence dates, but rather estimates of 
emergence dates.  
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Weather data collection 
 To calculate GDD and SRAD accumulation, we obtained data from the Daymet daily 
surface and weather climatological summaries (https://daymet.ornl.gov/). Daymet is a 
climate model which uses a collection of algorithms to create daily weather readings on a 1-
km grid (Thornton et al. 2014) from ground-based meteorological stations and digital 
elevation models. All weather data were assembled by using an interface designed to retrieve 
daily accumulated GDD values and incident shortwave radiation flux densities (SRAD) at 
designated zip codes from the Daymet climate model. We extracted the annual accumulated 
GDD and SRAD at first emergence for each survey site to determine mean absolute 
deviations from predicted values, and extracted the same data for the date seven days prior to 
first sighting for development of a logistic regression model to predict emergence.  
Determining mean absolute deviation from predicted values 
 Once we had extracted all pertinent observations for the three species of interest, we 
identified every Ohio site that had at least two first sightings for a species. For each of those 
sites, we determined three error values: 1) the mean absolute deviation (in days) from the 
predicted mean ordinal date value; 2) the mean absolute deviation from the predicted GDD 
accumulation value (as converted to ordinal date); and 3) the mean absolute deviation from 
the predicted SRAD accumulation value (also converted to ordinal date).   
Ordinal date model. For each site, we calculated the mean yearly ordinal date of first 
emergence as the predicted emergence day for the site. We compared this value to all actual 
observed dates for each site and determined the average absolute deviation between the 
predicted ordinal date and the actual ordinal date of emergence. 
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GDD and SRAD models. To compare the climate factor models with the average 
ordinal date model, GDD and SRAD accumulation data were converted to the ordinal date. 
To convert GDD accumulation values to ordinal date, we calculated the mean yearly GDD 
accumulation at first emergence at every survey site. We then determined the actual ordinal 
date at which the predicted GDD accumulation was achieved, giving us a predicted ordinal 
date of emergence for each site. We used this day to compare to all actual observed days at a 
site and determined the mean absolute deviation between the predicted ordinal date and the 
actual ordinal date of first sighting. This process was repeated for the SRAD accumulation 
values to determine the mean absolute deviation from the predicted ordinal date. 
Data Analysis  
 We performed a sign test for pairwise comparisons (SAS 2017) to assess differences 
in the absolute deviation (measured to hundredths of days) for each model prediction 
compared to the actual value at each site. We also ranked each model by site, determining 
which models had the least and the greatest deviations and then compared these rankings by 
conducting an analysis of variance (SAS 2017). We also calculated the percent of predictions 
for each model that were on time (the exact date), too early, or too late. 
To determine whether combining GDD and SRAD into a single model could improve 
the accuracy of predicted first emergence, we fit a logistic regression model (Langvatn et al. 
1996) (SAS 2017) using the first sighting observation as a response variable and the 
observation seven days prior as a second response variable. We fit three models, one for 
GDD data, another for SRAD, and a third for a model that combines them. We compared the 
misclassification rates of the three models to test how well the predicted probabilities aligned 
with actual observations. The misclassification rate specifies the proportion of the data that 
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were predicted incorrectly (i.e. misclassified). To determine and compare how well each 
model correctly classified randomly drawn pairs (one data point from each class), we 
calculated and compared area under the curve (AUC) values (Pearson et al. 2006). 
Results  
 
The butterfly survey data we used had been collected in 12,822 surveys that contained 
129,414 observations for our three target species. For great spangled fritillary, this included 
4,709 surveys in which 26,022 individuals were observed. Of those observations, 495 met the 
criteria for first sighting. The average first emergence date was on ordinal date 169 (ranging 
from day 126 to 206 with a standard deviation of 13.7 days). The clouded sulphur dataset 
included 8,113 surveys in which 39,475 individuals were observed. Of these observations, 
652 met the criteria for first emergence. The average first emergence date was on ordinal date 
158 (ranging from day 99 to 283 with a standard deviation of 34.4 days). The little wood 
satyr dataset included 4,301 surveys in which 68,503 individuals were observed. Of those 
observations, 621 met the criteria for first emergence. The average first emergence date was 
on ordinal date 154 (ranging from day 119 to 232 with a standard deviation of 14.5 days). 
Model Comparison 
 The GDD model outperformed both the ordinal date and SRAD models for all three 
species (Table 1). For the great spangled fritillary, the GDD model outperformed the ordinal 
date model by 0.65 days and the SRAD model by 1.14 days. For the clouded sulphur, the 
GDD model outperformed the ordinal date model by 0.85 days and the SRAD model by 0.70 
days. For the little wood satyr, the GDD model outperformed the ordinal date model by 0.45 
days and the SRAD model by 0.65 days. The GDD model was significantly better than the 
ordinal date model for the great spangled fritillary (p = 0.026) and was better than the SRAD 
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model for the clouded sulfur (p = 0.018) and the great spangled fritillary (p = 0.0056) (Table 
2).  
 Each of the models made more late first sighting predictions than they did early or on 
time predictions (Table 1). An average, the ordinal date model had a 50.0% rate of predicting 
late first sightings , while for GDD and SRAD models the rates of predicting late first 
sighting were 52.2 and 49.6%, respectively. SRAD models had a 5.8 % rate of predictions for 
on-time first sightings. Ordinal models correctly predicted first sightings 4.5% of the time, 
and GDD models 5.4% of the time.   
Logistic Regression Models 
GDD Model. The logistic regression model for great spangled fritillary indicated first 
emergence at accumulated annual GDD of 475.3 (standard deviation of 139.2). We detected 
a significant relationship between initial GDD accumulation and the GDD recorded a week 
earlier (p < 0.0001; Table 3). The model for clouded sulphur indicated first emergence at 
GDD 395.4 (standard deviation of 280.5). We again detected a relationship between initial 
GDD accumulation and the GDD recorded a week earlier (p = 0.028). The model for the little 
wood satyr indicated first emergence at accumulated annual GDD of 309.7 (standard 
deviation of 161.3). We detected a relationship between initial GDD accumulation and the 
GDD recorded a week earlier (p < 0.0001).  
SRAD Model. For great spangled fritillary, we detected a relationship between the 
initial SRAD accumulation reading and that recorded a week earlier (p < 0.0001; Table 3). 
For clouded sulphur, we also detected a significant relationship for the SRAD accumulation 
reading and the reading recorded a week earlier (p = 0.021). For little wood satyr, we again 
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detected a relationship between the initial SRAD accumulation reading and that recorded a 
week earlier (p < 0.0001). 
For GDD and SRAD models, predicted values were misclassified at similar rates for 
the great spangled fritillary and clouded sulphur. Misclassification rates were only slightly 
lower (0.04) when using the SRAD model than for the GDD model for the little wood satyr 
(Table 3). The area under the curve (AUC) values were similar for both GDD and SRAD 
models across all three species (Table 3). 
Combined Model. For great spangled fritillary, we determined that the relationship 
between first sighting and 7 days prior was significant for the model with GDD and SRAD 
combined (p < 0.0001; Table 3). For clouded sulphur, we did not detect a significant 
relationship for the combined model (p = 0.07). For little wood satyr, there was a relationship 
between the two dates for the combined model (p < 0.0001). Misclassification rates and AUC 
values for the combined model were similar to the GDD and SRAD models across all 
species, except for the little wood satyr, where the combined model had a slightly better 
misclassification rate than did the GDD model (Table 3). 
Discussion 
In this analysis, GDD models had consistently lower mean absolute deviations from 
predicted values than did the ordinal date or SRAD models. Combining GDD and SRAD 
data into a single model did not significantly improve accuracy. For the three butterfly 
species we tested, the GDD model was generally a better predictor of butterfly first 
emergence than was ordinal date, a factor that doesn’t account for inter-annual climatic 
variation known to influence butterfly development. These findings are consistent with those 
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of Cayton et al. (2015), who found that GDD models outperformed ordinal date models for 
13 of the 14 species they tested, seven of which were significantly different. The GDD model 
was also a better predictor of first emergence than was the SRAD model, which suggests that 
ambient temperature is more important than is the cumulative amount of sunlight in 
influencing the pace of butterfly development. 
 Daily surveying can allow detection of closer relationships between climatic variables 
and butterfly phenology (Kuefler et al. 2008), which could be expected to lead to a closer 
relationship between predictions based on climatic models and first emergence (Cayton et al. 
2015). However, since it was not feasible to conduct surveys on a daily basis, exact 
emergence dates could not be determined with certainty in any given year, and, therefore, 
there will be variation in the accuracy of any model. Further, since our dataset was completed 
by multiple surveyors, there are likely differences in detection (MacKenzie et al. 2002). 
However, any errors caused by delays in first-emergence observations or surveyor-detection 
ability would be uniform across all models.  
 For predicting first emergence, GDD models had less error for more sites across all 
three species, and significantly less error when compared against the ordinal date model for 
great spangled fritillary and against the SRAD model for great spangled fritillary and clouded 
sulphur. However, the actual difference in errors between any two models was greater than a 
single day only once (GDD error was 1.14 days less for great spangled fritillary compared to 
SRAD). This leads us to believe that although GDD can be used to predict first emergence 
with more accuracy than either the ordinal date or SRAD models, the gains in accuracy are 
so small that, contrary to the findings of Cayton et al. (2015), the additional effort required to 
develop the GDD models probably does not justify their use as a replacement for ordinal 
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date.  All models had a tendency to predict dates later than actual first sightings, which is 
problematic for surveyors, as it may limit accurate detection of first emergence. 
Based on these tests, SRAD was the least effective parameter for predicting first 
emergence. Unlike GDD, there were no lower or upper bounds used to determine when 
SRAD should be accumulated. Determining specific thresholds or biofix dates to begin 
SRAD accumulation may improve the accuracy of models based on that factor. However, 
there are a number of other variables that influence SRAD readings (e.g. ozone levels, water 
vapor, cloud cover), and the physics involved in the interactions among these variables is 
complex (Bristow and Campbell 1984). Further, interpolating SRAD readings between 
weather stations may be less accurate than interpolation of temperature. Finally, combining 
the two models did not significantly improve accuracy. This may be due, in part, to 
correlations between daily incident shortwave radiation density readings and daily 
temperature (Walker and Anderson 2016).  
Summary and Conclusions 
Our findings confirm earlier reports indicating that GDD models can be used to predict 
biological events, such as the first emergence of butterflies. However, based on this analysis, 
it is questionable whether GDD models developed to date offer enough improvement in 
predictions of emergence to be useful tools for timing monitoring activities. Using Julian date 
to determine survey timing is almost as reliable as using GDD models (± 1 d), but takes 
considerably less effort to calculate. It should be noted that we evaluated different GDD 
model start dates, believing that it might be possible to reduce the noise caused by 
temperature variation in winter months, variability that likely does not affect the timing of 
completion of metamorphosis and emergence.  However, preliminary findings showed that 
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GDD model error did not change in any significant way by adjusting the start date of GDD 
accumulation. 
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Table 1. Mean deviation (in days) for each species and model in relation to actual observations, 
the number of sites for which a model was the best predictor (lowest deviation), the number of 
sites for which a model was the worst predictor (largest deviation), and the percent of model 
predictions for first emergence that were on time (the precise date), too early, or too late. 
 
Species/Method 
Mean 
deviation 
(days) 
Site best 
Site 
worst 
Percent 
predicted 
on time 
Percent 
predicted 
early 
Percent 
predicted 
late 
Great spangled fritillary       
    Ordinal date 7.41 12 17 2.3 47.4 50.3 
    GDD 6.76 40 20 5.0 46.0 49.0 
    SRAD 7.90 21 42 5.3 45.7 49.0 
Clouded sulfur       
    Ordinal date 20.74 17 22 3.7 46.5 49.8 
    GDD 19.86 47 29 3.6 46.2 50.2 
    SRAD 20.59 24 37 4.2 46.0 49.8 
Little wood satyr       
    Ordinal date 8.04 20 19 7.4 42.8 49.8 
    GDD 7.59 44 25 7.6 34.9 57.5 
    SRAD 8.24 19 36 7.8 42.2 50.1 
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Table 2. Sign test p-values for pairwise comparisons of models. Significant p-values are 
indicated by bold font.  
  Comparison 
Species GDD-Ordinal date 
SRAD-Ordinal 
date GDD-SRAD 
Little wood satyr 0.0639 0.0395a 0.0505 
Clouded sulfur 0.1052 0.3318 0.0178b 
Great spangled fritillary 0.0225b 0.1196 0.0056b 
a Indicates that the ordinal date model was better at predicting first sighting 
b Indicates that the GDD model was better at predicting first sightings 
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Table 3. Each model’s misclassification rate (proportion of times the prediction was 
incorrect), area under the curve (AUC), and p-value were determined by creating nominal 
logistic models in JMP Pro 12 (SAS 2017), where the response variables were the climate 
data collected at an emergence date for a species at a survey site and those same climate data 
at the same site seven days prior to emergence.    
Species Model 
Misclassification  
rate AUC p-value 
Great spangled fritillary   GDD 0.40 0.66 < 0.0001 
 SRAD 0.38 0.65 < 0.0001 
 Combined 0.40 0.66 < 0.0001 
Clouded sulphur GDD 0.46 0.58 0.0277 
 SRAD 0.45 0.57 0.0208 
 Combined 0.45 0.57 0.0682 
Little wood satyr GDD 0.40 0.66 < 0.0001 
 SRAD 0.36 0.67 < 0.0001 
 Combined 0.36 0.67 < 0.0001 
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CHAPTER 4: GENERAL CONCLUSIONS 
 
 Loss of habitat as a result of the conversion of prairies and woodlands to agricultural 
and urban land uses has generated interest in documenting and assessing butterfly 
populations in potential urban habitats (e.g., Giuliano et al. 2004; Di Mauro et al. 2007). 
Identifying strategies that increase the success of urban butterfly surveys is important to 
enhance knowledge about whether (and how) various butterfly species are using urban 
habitats. Although butterfly survey protocols exist (Pollard 1977), they have generally been 
developed for use in larger and more natural areas. Further, phenological shifts driven by 
climate change raise new questions about the appropriate timing of butterfly surveys 
(Parmesan 2006, Cayton et al. 2015). Thus, the two studies reported on in this thesis examine 
three important aspects of butterfly monitoring: 1) where butterfly survey efforts should be 
focused (e.g., in public gardens and/or restored and reconstructed prairies) in urban settings; 
2) how butterflies can be most effectively monitored in small urban habitats; and 3) the use of 
climate-based models to predict when to conduct butterfly surveys. 
 To determine where survey efforts should be focused, I compared the numbers of 
butterflies observed in two potential urban habitat types: public gardens and 
restored/reconstructed prairies. I determined that these urban areas do provide important 
habitat for butterflies, and that a variety of butterfly species, including some habitat-specialist 
species, are visiting these areas. I did not detect significant differences in the total number of 
butterflies or butterfly species observed in public gardens as compared to 
restored/reconstructed prairies. These results suggest that purposefully created habitat in 
urban areas can support an important number of individual butterflies and butterfly species. 
Habitat specialists were observed in both habitat types, but accounted for a small percentage 
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of the total observations. Because of the opportunity to use urban reserves to conserve even 
habitat specialist species, particular consideration should be given to habitat structure and 
specific host-plant needs of these species to enhance current conservation efforts. 
 To determine how butterflies can most effectively be monitored in urban habitats, I 
compared three butterfly surveying methods: Pollard transects, purposive point counts, and 
random point counts. I detected more butterflies and greater numbers of butterfly species 
when using purposive point counts as compared to both Pollard transects and random point 
counts. Although Pollard transects have long been a standard method for butterfly surveys, 
fewer butterfly sightings were made when using this method in both restored/reconstructed 
prairies and public gardens. These results suggest that, especially in areas where floral 
resources are dense and clustered, purposive point counts should become a more standard 
method for surveying butterflies. 
 To examine the use of climate-based models to predict when butterfly surveys should 
be conducted, I developed four models for three species to predict butterfly first sightings: 1) 
a model based on the ordinal date a butterfly species was first observed at a site; 2) a model 
based on yearly growing degree days (GDD) accumulated when a butterfly species was first 
observed at a site; 3) a model based on the yearly incident shortwave radiation density 
(SRAD) accumulated when a butterfly species was first observed at a site; and (4) a logistic-
fit model evaluating the predictive ability of GDD, SRAD, and a combination of the two for 
first emergence. I determined that GDD models could more accurately predict first sightings 
than could ordinal date or SRAD models. However, from a practical standpoint, the GDD 
models do not offer enough improvement to be considered an efficient replacement for 
ordinal date models, which are less time-consuming to calculate. I suggest that further 
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refinements to GDD model temperature thresholds could result in more accurate predictions 
of emergence and first sightings 
 Taken together, these studies suggest that changing landscapes and climate-driven 
phenological shifts translate into a need for change in where, how and when butterfly 
monitoring should occur. Further studies on when and how butterfly species are using urban 
habitats will be crucial to support better understanding of the conservation potential of urban 
areas, especially in the highly altered landscapes of the Midwest. 
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